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Edited by Vladimir SkulachevAbstract Glutathione peroxidases (Gpx) are important moder-
ators of oxidative stress that is implicated in the pathogenesis of
numerous diseases including colon cancer. Previous studies
report limited examinations of cytosolic glutathione peroxidase
location of expression in colon tissue. This study reports evidence
of both common sites of Gpx1 and Gpx2 expression in rat colon
and sites that are exclusive to each isoform. Semi-quantitative
PCR performed previously demonstrated RNA expression of
Gpx1 and Gpx2 in proximal, transverse and distal colon. Map-
ping the distribution throughout the entire colon has revealed
speciﬁc, novel sites of glutathione peroxidase expression in colon
lymphatic tissue. In situ hybridisation and immunohistochemis-
try conﬁrmed micro-anatomical location of Gpx1 within lympha-
tic tissue and the lamina propria, sub-mucosa, muscularis and
serosa, but not the lumenal epithelium. In situ hybridisation
and immunohistochemistry were consistent with reports of
microanatomical location of Gpx2 in the lumenal epithelium.
Novel sites of Gpx2 expression were also observed in lymphatic
tissue. Immunolocalisation in the vicinity of aberrant crypt foci
was also examined to further investigate the link between gluta-
thione peroxidases and colon cancer. This did not reveal signiﬁ-
cant abnormalities, nor did measurement of cytosolic glutathione
peroxidase activity or gene expression in colon tissue from rats
treated with the colontropic chemical, 1,2-dimethylhydrazine.
These results support the potential for Gpx1 and Gpx2 redun-
dancy in lymphatic tissue, but not in epithelial cells of the colon
crypt or in the lamina propria, sub-mucosa, muscularis or serosa.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Gut associated lymphatic tissue1. Introduction
Oxidative stress plays a signiﬁcant role in colon pathologies,
including inﬂammatory bowel diseases and cancer [1–3]. Mem-
bers of the glutathione peroxidase family are key selenium con-Abbreviations: ACF, aberrant crypt foci; DMH, 1,2 dimethylhydra-
zine; ep, epithelial cells; Gpx, glutathione peroxidase; lp, lamina pro-
pria; lt, lymphatic tissue; m, muscularis; sm, submucosa; s, serosa
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responses (see review, [4]). There are two cytosolic glutathione
peroxidases in the colon, Gpx1 and Gpx2. These isozymes
have very similar properties and substrate speciﬁcity and eﬃ-
ciently metabolise hydrogen peroxide. Non-phospholipid
bound lipid hydroperoxides are reduced but less eﬀectively.
Gpx1 is considered to be fairly ubiquitous, while Gpx2 is spe-
ciﬁc to epithelial cells of the gastrointestinal tract [5–8]. The
physiological functions of the gastrointestinal Gpx1 and
Gpx2 isozymes and their role in inﬂammation are currently
under investigation to assess whether they are functionally
redundant or complementary. This is pertinent since glutathi-
one peroxidases have been implicated in inﬂammatory bowel
disease and colon cancer [9–11]. The lack of an obvious pheno-
type in Gpx1 or Gpx2 transgenic knockout mice initially sup-
ported a functional redundancy. However, subsequent
studies reporting increased sensitivity of selenium deﬁcient
Gpx1/ Gpx2/mice to inﬂammation and ileocolitis when
compared to Gpx1/ Gpx2+/ mice [8] and the observation
of diﬀerential location of Gpx2 in the gut epithelium supported
a complementary function [7].
Cytosolic glutathione peroxidase activity in rat colon is
altered in response to oxidative stress with associated distur-
bances in prostaglandin synthesis that were modulated by
anti-inﬂammatory salicylates [12]. However, these changes in
cytosolic glutathione peroxidase activity were not reﬂected in
marked alterations in Gpx1 and Gpx2 gene expression. Gluta-
thione peroxidase activity and regulation of glutathione perox-
idase gene transcription is complex with activity not
necessarily mirrored by a corresponding elevation in gene tran-
scription [12,13]. Analogous changes in oxidative stress and
prostaglandin synthesis also occurred in colon from rats trea-
ted with the colonotropic chemical, 1,2-dimethylhydrazine
[14].
This study was undertaken to establish whether the
changes in oxidative stress and prostaglandin synthesis [12]
in the colon of rats treated with the colonotropic chemical,
1,2-dimethylhydrazine were also associated with altered reg-
ulation in cytosolic glutathione peroxidase activity. Elucida-
tion of the contribution of the two cytosolic glutathione
peroxidase enzymes to regulation of metabolic homeostasis
in colon necessitated a more detailed analysis of regional
and micro-anatomical location. Regional and micro-anatom-
ical location and distribution in normal tissue and in the
presence of hyperplastic lesions was assessed using a combi-
nation of in situ hybridisation, semi-quantitative PCR and
immunohistochemistry.blished by Elsevier B.V. All rights reserved.
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2.1. Animals and carcinogen treatment
Weanling male rats of the Rowett Hooded Lister strain were given a
standard rat diet, ad libitum. Subsets of rats were given a single i.p.
injection containing DMH (15 mg/kg body weight 0.5 ml injection
dissolved in sterile physiological saline). Control rats were injected
with a similar volume of sterile physiological saline. Animal weights
were recorded daily over the course of the experiment. The rats were
anaesthetised with isoﬂurane 10 weeks after the ﬁrst injection. Colons
were excised and processed for microscopical examination of lum-
enal epithelial abnormalities and immunohistochemistry as described
below.
2.2. Immunohistochemistry
Colons from Rowett Hooded Lister rats used for immunohisto-
chemistry were excised from the caecum at the ileo-caecal valve and
rinsed with 0.9% saline to remove contents. Colons were opened longi-
tudinally, stretched, pinned ﬂat and immersed in neutral buﬀered for-
malin (Sigma, UK). Aberrant crypt foci (ACF) and MDF were scored
on the lumenal surface of colons (n = 12), at 10 weeks following the
ﬁrst carcinogen administration. ACF were stained with methylene blue
as described by Bird [16] and scored using a microscope (40· magniﬁ-
cation). MDF were scored after methylene blue staining using high
iron-diamine blue staining as described by Caderni et al. [17]. After
MDF and ACF determination tissue segments (1 cm · 0.2 cm) were
excised from each region of the formalin ﬁxed colon using a scalpel.
A subset of the pre-neoplastic lesions were identiﬁed in distal colon
segments at the microscope and tattooed using a permanent dye. Tis-
sue segments excised from distal colon included the lesion(s) and sur-
rounding normal tissue. The tissue segments were processed using
standard histological procedures and embedded in paraﬃn in such a
way that the crypts, and lesions recognizable from the tattooing, were
sectioned (5 lm) longitudinally. Gpx1 and Gpx2 expression was then
characterized with immunohistochemistry (n = 6) using a Dako Auto-
stainer (DakoCytomation, Glostrup, Denmark) and a Universal Dak-
oCytomation LSAB+ kit with horse radish peroxidase (HRP)
detection according to the manufacturers instructions. Primary anti-
bodies rabbit polyclonal anti-rat GPx1 (Autogen Bioclear, Wiltshire,
UK) and goat polyclonal anti-rat Gpx2 (Abcam, Cambridge, UK)
were used at dilutions of 1:250 and 1:100, respectively. Negative con-
trols consisted of replacement of the primary antibodies, anti-rat
Gpx1 with antirabbit IgG (Vector Laboratories, UK) and anti-rat
Gpx2 with anti-goat IgG (Sigma, UK). Sections were stained with hae-
matoxylin on completion of HRP detection of primary antibodies.
2.3. In situ hybridisation
Colons from Rowett Hooded Lister rats used for in situ localisation
were excised from the caecum at the ileo-caecal valve and rinsed with
ice-cold 0.25 M sucrose/10 mM Tris, pH 7.4, to remove contents.
Colon proximal (ascending), transverse and distal (descending) seg-
ments were snap frozen separately. Cryostat sections (10 lm) cut from
each of the proximal, transverse and distal colon regions (n = 3) were
thaw-mounted onto poly-lysine coated slides and stored at 70 C
until use. In situ hybridisation of the three regions was performed
essentially as described previously [15]. The riboprobe templates con-
sisted of Gpx1 and Gpx2 fragments generated by PCR as described
previously [12]. The Gpx1 and Gpx2 amplicons were subcloned in
pGEM-T (Promega, UK). Plasmid preparations containing cDNA
inserts were prepared from single colony inoculants using a Wizard
373A DNA puriﬁcation kit (Promega) according to the manufacturers
instructions and sequence veriﬁed using a Beckman CEQ8000 Genetic
Analyser. Antisense and sense probes were synthesised from templates
by in vitro transcription using the appropriate RNA polymerase in the
presence of 35S-alpha-thio-UTP (NEN; 1000 Ci/mmol). Tissue sections
were hybridised with radiolabelled riboprobes at 58 C and washed to
0.1· SSC at 60 C. Hybridised sections were assessed initially using a
Fuji phosphor imager and AIDA Image Analyser software (Raytest
Isotopenmeßgerate GmBH, Germany) prior to coating with LM-1 li-
quid emulsion (Amersham Pharmacia Biotech Ltd., UK) and staining
with toluidine blue to facilitate anatomical location by light micro-
scope autoradiography. The sense riboprobe hybridised sections were
examined to assess background and non-speciﬁc hybridisation and
conﬁrm speciﬁc silver grain localisation.2.4. Glutathione peroxidase activity
Glutathione peroxidase activity in homogenates prepared from
0.5 cm colon segments (n = 3) was determined using a glutathione
reductase coupled assay with 0.25 mM H2O2 and 5 mM glutathione
as substrates [18]. A unit of cytosolic glutathione peroxidase is deﬁned
as that which oxidises 1 lmol of NADPH per min.
2.5. Semi-quantitative PCR of Gpx1 and Gpx2
RNA was extracted from 0.5 cm colon segments adjacent to that
used for in situ hybridisation using an RNeasy Midi Kit (Qiagen,
Crawley, UK). All of the extracted RNA samples were subjected to
analysis using the Agilent Bioanalyser (Agilent Technologies, Brac-
knell, UK). First strand cDNA was synthesised from total RNA
(0.5 lg) using Superscript II reverse transcriptase (Gibco BRL, Paisley,
Scotland) according to the manufacturers instructions. Semi-quantita-
tive PCR was performed using primers and conditions described previ-
ously [12]. PCR amplicons were quantitated on ethidium bromide
stained agarose gels and normalised to expression of the housekeeping
gene GAPDH using UVIband image analysis software (UVItec, Cam-
bridge, UK).3. Results and discussion
3.1. Localisation of Gpx1 and Gpx2 protein and gene expression
in colon
Antibodies to Gpx1 and Gpx2 and the nucleotide sequences
generated by RT-PCR were used to localise protein and corre-
sponding gene transcripts in proximal, transverse and distal rat
colon (Figs. 1 and 2). Gpx1 protein (Fig. 1) and the corre-
sponding mRNA transcripts (Fig. 2) were expressed ubiqui-
tously in several tissues in proximal, transverse and distal
regions of the colon with the exception of the lumenal epithe-
lial layer. Intense immunohistochemical staining and ribop-
robe signals were observed over gut lymphatic tissue. Gpx2
mRNA transcripts were associated with the lower two thirds
of the lumenal epithelial cells lining the colon crypts (Fig. 2).
Conversely, anti-Gpx2 antibody staining was observed to be
located in lumenal epithelium at the top of the crypt (Fig. 1).
A diﬀuse and very faint Gpx2 antibody signal was occasionally
visible under high power magniﬁcation in the cells lower down
the crypt. This suggests that translation of the Gpx2 mRNA
transcripts may be very low or delayed until the epithelial cells
migrate further up the crypt. This diﬀers from reports by
Komatsu et al. [7] of localisation at the crypt base in human
colon using a Gpx2 antibody generated in-house. Komatsu
et al. [7] did not reveal the localisation of the corresponding
mRNA transcripts. Contrary to reports that Gpx2 is speciﬁc
to gut epithelial tissue, diﬀuse Gpx2 protein (Fig. 1) and
mRNA transcripts (Fig. 2) were also observed to be associated
with the lymphatic tissue. However, the extended exposure
time required for visualisation of mRNA localisation of
Gpx2 and the diﬀuse antibody signal in lymphatic tissue sug-
gests both lower levels of transcription and expression in a
smaller sub-population of cells within the lymphatic tissue
when compared with Gpx1 (Figs. 1 and 2). Adjacent sections
probed with the appropriate sense riboprobes showed no spe-
ciﬁc hybridising signal (Fig. 2).
3.2. Gpx activity and corresponding Gpx1 and Gpx2 gene
expression in colon
Measurement of cytosolic glutathione peroxidase activity
and semi-quantitative PCR did not reveal signiﬁcant diﬀer-
ences in colon tissue from rats treated with the colonotropic
chemical, 1,2-dimethylhydrazine (Figs. 3 and 4). Aberrant
Fig. 1. Immunohistochemical localisation of Gpx1 and Gpx2 in rat
colon. Gpx1 is expressed ubiquitously throughout the colon (lamina
propria, lp; sub-mucosa, sm; muscularis, m; and serosa, s) with the
exception of the epithelial cells (ep) (A and C transverse, E distal
colon). Intense labelling is observed over lamina propria (lp) (C) and
lymphatic tissue (lt) (E). Gpx2 antibody labelling was observed over
the lumenal surface epithelium (G distal colon) and in cells within
lymphatic tissue (lt) (I distal colon). Negative controls of adjacent
sections incubated with appropriate IgG only are shown [B, D, F, H,
J]. Bar = 50 lm.
Fig. 2. In situ hybridisation of Gpx1 and Gpx2 transcripts in rat
colon. Emulsion autoradiographs showing expression of Gpx1 over
lymphatic tissue (lt), sub-mucosa (sm) (A) and Gpx2 over lymphatic
tissue (lt) (C) and lower two thirds of the crypt epithelium (ep) (C,E) in
rat distal colon. Sense riboprobes hybridised to adjacent sections to
assess non-speciﬁc signal levels are shown (B,D,F). Bar = 50 lm.
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Fig. 3. Glutathione peroxidase activity in proximal, transverse and
distal colon of rats treated with dimethylhydrazine (DMH) or saline
(control). Results are presented as means ± S.E. Groups were com-
pared by t-test with a P value less than 0.05 considered signiﬁcant.
J.E. Drew et al. / FEBS Letters 579 (2005) 6135–6139 6137crypt foci were observed in all rats treated with dimethylhydra-
zine (32 ± 3/colon). However, no mucin-depleted foci were de-
tected. This may be a consequence of the moderate dose of
dimethylhydrazine used (Giovanna Caderni, personal commu-
nication). The high iron diamine staining required for visual-
isation also permits identiﬁcation of the mucin secretion,
either sialomucin or sulphomucin, produced by the ACF. No
signiﬁcant diﬀerences in Gpx1 localisation were observed in
the vicinity of either ACF type (Fig. 5). ACF exhibit hyperpla-
sia that may imply a localised oxidative stress. Although it was
not possible to detect signiﬁcant changes in gene expression or
glutathione peroxidase activity in colon tissue segments it was
considered that eﬀects may be localised in the vicinity of ACF.The Gpx2 antibody gave variable results on the high iron dia-
mine blue stained tissues and in the presence of the agarose re-
quired to embed and orientate the ACF for sectioning.
Therefore, it was not possible to ascertain conclusive results
on distribution of Gpx2 protein at or near an ACF. Unfortu-
nately, cryostat-sectioned tissue does not facilitate identiﬁca-
tion of lesions to assess altered patterns of mRNA
transcripts at or near ACF.
These localisation studies imply the potential for functional
Gpx1 and Gpx2 redundancy in lymphatic tissue. It is plausible
that Gpx2 may compensate for a lack of Gpx1 in lymphatic
tissue and vice versa. However, the absence of detectable
Gpx2 in lamina propria, sub-mucosa and muscularis would
suggest that Gpx1 functions in these tissues cannot be compen-
sated by Gpx2. It may be that other antioxidant enzyme sys-
tems perform this function in Gpx1 knockout mice.
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Fig. 4. Semi-quantitative PCR of Gpx1 and Gpx2. Expression
normalised to GAPDH for Gpx1 and Gpx2 in proximal (A), transverse
(B) and distal (C) colon is shown. The graph is a representative
experiment showing the averaged ratio of Gpx to GAPDH from ﬁve
biological replicates ± S.E. Each ratio from the biological replicates
was derived from triplicate PCRs. Groups were compared by t-test
with a P value less than 0.05 considered signiﬁcant.
Fig. 5. Comparison of immunohistochemical localisation of Gpx1 in
sialomucin secreting aberrant crypt foci (ACF) and adjacent normal
tissue. Bar = 50 lm.
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tion of Gpx2 in the dynamic epithelial environment of the co-
lon crypt, unless it is signiﬁcantly upregulated in the absence of
Gpx2. Localisation of Gpx1 and Gpx2 in gut associated lym-
phatic tissue may have implications for the susceptibility of
the corresponding knockout mice to inﬂammation and indica-
tions that the immune responses are impaired [19]. Dietaryselenium required for maintenance of glutathione peroxidases
will be important to maintain adequate immune function in
the colon.4. Concluding remarks
The observation of both diverse and common sites of the
two cytosolic glutathione peroxidases in the colon adds to
the complexity in interpreting and deciphering measurements
of gene transcription, protein levels and cytosolic glutathione
peroxidase activity. It is possible that either of these param-
eters may change at diﬀering rates in diﬀerent sub-locations
within the colon in response to localised functional re-
sponses regulated by cytosolic glutathione peroxidases. Mea-
suring protein or gene expression levels in the colon is not
suﬃcient to interpret regulatory changes and their conse-
quences. This study has evidence both for and against com-
plementary functions in particular sub-anatomical locations
in colon and demonstrates the complexity in systems when
gene expression levels are dissociated from protein levels
and enzyme activity.
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